Estradiol has both negative and positive feedback actions upon gonadotropin-releasing hormone (GnRH) release; the latter actions trigger the preovulatory GnRH surge. Although neurobiological mechanisms of the transitions between feedback modes are becoming better understood, the roles of voltagegated potassium currents, major contributors to neuronal excitability, are unknown. Estradiol alters two components of potassium currents in these cells: a transient current, I A , and a sustained current, I K . Kisspeptin is a potential mediator between estradiol and GnRH neurons and can act directly on GnRH neurons. We examined how estradiol, time of day, and kisspeptin interact to regulate these conductances in a mouse model exhibiting daily switches between estradiol negative (morning) and positive feedback (evening). Whole-cell voltage clamp recordings were made from GnRH neurons in brain slices from ovariectomized (OVX) mice and from OVX mice treated with estradiol (OVX+E). There were no diurnal changes in either I A or I K in GnRH neurons from OVX mice. In contrast, in GnRH neurons from OVX+E mice, I A and I K were greater during the morning when GnRH neuron activity is low and smaller in the evening when GnRH neuron activity is high. Estradiol increased I A in the morning and decreased it in the evening, relative to that in cells from OVX mice. Exogenously applied kisspeptin reduced I A regardless of time of day or estradiol status. Estradiol, interacting with time of day, and kisspeptin both depolarized I A activation. These findings extend our understanding of both the neurobiological mechanisms of estradiol negative vs. positive regulation of GnRH neurons and of kisspeptin action on these cells.
INTRODUCTION
Gonadotropin-releasing hormone (GNRH1 [GnRH] ) neurons are the primary central neuronal cells controlling fertility. Their function is regulated, in part, by steroid feedback. Estradiol controls GnRH neuron activity and hormone release in both negative and positive modes, with the positive feedback action causing neurobiological changes that lead to a preovulatory surge of GnRH release. This surge is critical for initiating the luteinizing hormone (LH) surge that triggers ovulation [1] . Both modes of feedback are revealed on a diurnal basis in ovariectomized (OVX) female mice treated for 2-4 days with estradiol (E) implants (OVXþE), providing a constant physiological level of this steroid [2] . OVXþE mice exhibit low levels of serum LH and GnRH neuronal activity in the morning that are typical of estradiol negative feedback, and high LH and GnRH neuronal activity levels typical of estradiol positive feedback and the surge in the afternoon, peaking near lights out [2] . This mechanism provides a model for studying the switch in estradiol feedback mode without changing steroid hormone levels.
GnRH neurons express a variety of channels that are potential targets of estradiol feedback regulation [3] [4] [5] . Voltage-gated potassium channels are critical contributors to cellular physiology. These channels play major roles in setting a cell's resting membrane potential and in determining neuronal excitability and the rate of action potential firing and, thus, hormone release [6] . Activation of potassium channels under physiological conditions generates an outward, hyperpolarizing current that typically inhibits neuronal activity. Estradiol regulates potassium channels in other hypothalamic, neuroendocrine, and pituitary cells [7] [8] [9] . In previous studies of GnRH neurons from female mice, two main components of voltage-gated potassium currents, a rapidly inactivating transient A-type current (I A ) and a noninactivating delayed rectifier (I K ) current, were identified [4] . Both of these currents were suppressed by estradiol. At the time those studies were conducted, however, the daily surge was not appreciated in the OVXþE mouse, and hence, these important currents have not been studied in a model in which the timing of estradiol negative and positive feedback is well defined. Previous work in the daily surge model indicates that both intrinsic conductances of [10] and synaptic inputs to [11, 12] GnRH neurons change with time of day, suggesting both of these mechanisms can contribute to the switch in estradiol feedback action. In contrast, some other intrinsic properties [13] are not altered by time of day, suggesting their primary controller is estradiol alone, without input from additional diurnal signals. How potassium conductances are altered by the interaction of estradiol and time of day is unknown.
Many studies indicate that most of the estradiol feedback regulation of GnRH neurons likely occurs via estradiol receptor alpha (ERa; Esr1)-expressing afferents [11, 12, [14] [15] [16] , although changes due to direct effects via ERb (Esr2) expression cannot be ruled out [13] . Kisspeptin (encoded by the Kiss1 gene) is a major excitatory neuromodulator of GnRH neurons, and expression of kisspeptin mRNA levels is modulated by estradiol [17] [18] [19] [20] [21] [22] , although direct measures of whether estradiol alters kisspeptin release and/or kisspeptin neuron activity are lacking. GnRH neurons express the kisspeptin Kissr1 receptor and are strongly excited by its activation [17-19, 21, 23, 24] . Recent studies indicate kisspeptin action can involve changes in potassium and/or nonselective ionic conductances in GnRH neurons [18, 19, 21, 25] , but effects on specific subtypes of potassium currents and the mechanisms by which estradiol and time of day alter kisspeptin action are less well understood.
Here we examined how potassium conductances of GnRH neurons are modulated during estradiol negative and positive feedback regulation of GnRH neurons, whether kisspeptin alters these conductances, and if the actions of kisspeptin are dependent on estradiol or time of day.
MATERIALS AND METHODS

Animals
Adult female mice that express green fluorescent protein (GFP) under the control of the GnRH promoter were used in all experiments [26] . Mice were maintained under a 14L:10D photoperiod, with Harlan 2916 chow (Harlan, Indianapolis, IN) and water available ad libitum. Female mice, age 42-125 days were OVX and either left with no further treatment or treated with estradiol implants (OVXþE) that produce circulating physiological levels of this steroid [2] . Experiments were performed 2-4 days after surgery in the mornings and in the evenings. Previous work demonstrates this estradiol treatment regimen induces negative and positive feedback effects on LH levels and GnRH neuronal activity during the mornings and evenings, respectively [2] . All procedures were approved by the Institutional Animal Care and Use Committee of the University of Virginia.
Brain Slice Preparation
All chemicals were obtained from Sigma Chemical Company (St. Louis, MO), unless noted otherwise. Brain slices were prepared as previously described [27, 28] . Mice were euthanized by decapitation either from 0800 to 0930 h (negative feedback groups) or from 1330 to 1500 h (positive feedback groups). Briefly, all solutions were bubbled with a 95% O 2 -5% CO 2 mixture throughout the experiments and for at least 15 min before exposure to the tissue. The brain was rapidly removed and placed in an ice-cold, high-sucrose saline solution containing 250 mM sucrose, 3.5 mM KCl, 26 mM NaHCO 3 , 10 mM glucose, 1.25 mM Na 2 HPO 4 , 1.2 mM MgSO 4 , and 2.5 mM MgCl 2 . A Vibratome 3000 (Technical Products International, Inc., St. Louis, MO) was used to cut 300-lm coronal brain slices. Slices were incubated for 30 min at 308C-328C in a solution of 50% high-sucrose saline and 50% artificial cerebrospinal fluid (ACSF) containing 135 mM NaCl, 26 mM NaHCO 3 , 3.5 mM KCl, 10 mM glucose, 1.3 mM Na 2 HPO 4 , 1.2 mM MgSO 4 , and 2.5 mM CaCl 2 , pH 7.4, and were then transferred to a solution of 100% ACSF at room temperature and kept there for at least 30 min and no more than 4 h before recording. Negative feedback recordings were made from 1000 to 1330 h; positive feedback recordings were made from 1500 to 1900 h.
Electrophysiological Recordings
Brain slices were placed in a recording chamber superfused continuously with oxygenated ACSF solution and kept at 298C-318C with an inline heating unit (Warner Instruments, Hamden, CT). Brain tissue and cells were visualized with an Olympus BX50WI model upright fluorescence microscope with infrared differential interference contrast (Olympus, Central Valley, PA). GnRH-GFP neurons were identified by brief illumination at 470 nm to visualize the GFP signal. Borosilicate glass capillaries (1.65-mm OD 3 1.12-mm ID; World Precision Instruments, Inc., Sarasota, FL) were pulled by using a Flaming/Brown P-97 unit (Sutter Instrument, Novato, CA) to make recording pipettes, which had a tip resistance of 2-4 MX. Pipettes were placed in contact with a GnRH neuron by using an MP-225 micromanipulator (Sutter Instruments).
Whole-Cell Voltage Clamp
To monitor recording quality, input resistance (R in ), series resistance (R s ), and membrane capacitance (C m ) were continually measured from the averaged membrane response to 10 5-mV hyperpolarizing voltage steps. Only recordings with an R in .500 MX, a stable R s ,20 MX, and a stable C m were used for analysis. Voltage commands were generated, and currents were obtained using an EPC-8 amplifier running PatchMaster software (HEKA, Mahone Bay, Nova Scotia, Canada). Pipettes were filled with a solution containing 120 mM potassium gluconate, 20 mM KCl, 10 mM HEPES, 5 mM ethylene glycol tetraacetic acid, 4.0 mM MgATP, 0.4 mM NaGTP, and 1.0 mM CaCl 2, pH 7.3, 290 mOsm.
To isolate potassium currents, we superfused slices with ACSF supplemented with 0.5 lM tetrodotoxin and 200 lM CdCl 2 to block voltage-gated sodium and calcium currents, respectively. Synaptic currents mediated by activation of ionotropic gamma aminobutyric acid (GABA A ) or glutamatergic receptors were blocked with a combination of 100 lM picrotoxin, 20 lM APV [D-(-)-2-amino-5-phosphonovaleric acid] and 20 lM CNQX (6-cyano-7-nitroquinoxaline-2,3-dione). Cells were recorded in the whole-cell configuration and held at À60 mV in voltage clamp mode. After a 5-min stabilization period, specific voltage-clamp protocols with slight modifications, described previously [4] , were used to record two types of voltage-gated potassium currents: the rapid I A type and the slower, delayed I K type. Because we included CdCl 2 in the bath solution, calcium-activated K channels were not activated by this protocol; similarly, inwardly rectified K channels would not be activated because of different voltage dependence. To study inactivation, we hyperpolarized the cell membrane to À110 mV for 500 msec to remove inactivation, applied a 500-msec prepulse (À110 to À10 mV in 10-mV increments), and then measured the currents during a test pulse at À10 mV for 500 msec (Fig. 1A) . To study activation, we hyperpolarized the membrane potential to À110 mV for 500 msec, applied a 500-msec prepulse of À110 mV or À40 mV, and then measured currents during test potentials (À90 mV to þ40 mV, at 10-mV increments). All traces were leakage subtracted using a (P/-4) protocol to isolate voltage-gated potassium current from background (leakage) current [29] . Membrane potentials were corrected for a 10-mV liquid junction potential [30] . Only one cell was studied per slice and no more than four cells per animal.
Kisspeptin Effects on Potassium Currents
To test the effects of kisspeptin on voltage-gated potassium currents, we recorded cells before and during bath application of kisspeptin (10 nM; Phoenix Pharmaceuticals, Inc., Burlingame, CA). Specifically, to record total current (I A plus I K ), the membrane was hyperpolarized for 500 msec at À110 mV to remove inactivation, then a 500-msec prepulse (À110 or À40 mV) was given, and the current was measured during a test pulse at À20 mV (500 msec). No differences were detected in kisspeptin action regardless of time of day or estradiol treatment, using this protocol. We therefore tested whether kisspeptin affects I A inactivation and I A or I K activation by using the voltage protocols described in the previous section (i.e., complete inactivation and activation protocols, with a test pulse at À10 mV) only in OVXþE cells in the morning.
Analysis
Peaks of I A and I K , average steady-state I K , I A inactivation, and I A and I K activation values were calculated using customized software written in Igor Pro (Wavemetrics, Lake Oswego, OR). To calculate inactivation of I A , I A was mathematically isolated using the voltage dependence of inactivation. Inactivation was complete at À40 mV (i.e., no fast transient current was present in current traces after the À40 mV prepulse). I A was isolated by subtracting the current after the À40 mV prepulse from that after more hyperpolarized prepulses. Peak current was normalized to the average of the values after prepulses to À90 and À70 mV. Current densities were obtained by dividing calculated peak values of the currents by capacitance of the cells from which the current was measured and were used in all comparisons. All data were transferred to Excel (Microsoft, Redmond, WA), InStat, or Prism software (Graph Pad Software, San Diego, CA) for statistical analysis. Potassium currents between groups were compared using two-way ANOVA with StudentNewman-Keuls post hoc tests. Kisspeptin effects on I A inactivation and I A and I K activation were compared using two-tailed paired t-tests. All data are presented as means 6 SEM (unless noted otherwise), and significance was set at a P value of ,0.05.
RESULTS
Diurnal Changes in Potassium Currents of GnRH Neurons Are Observed Only in Cells from Estradiol-Treated Mice
Changes in the response of the GnRH neuronal network to estradiol feedback is reproduced on a daily basis in OVX mice 988 treated with constant-release estradiol implants [2] . To test the hypothesis that the diurnal shift between estradiol negative and positive feedback action is due in part to changes in voltagegated potassium currents, we isolated and measured these currents using whole-cell voltage clamp recordings of GnRH neurons in brain slices from OVX and OVXþE mice at those times when estradiol-treated mice exhibited negative (morning) and positive (evening) feedback. Figure 1 shows the voltage protocol and representative raw current traces from all four groups; Figure 2 shows inactivation and summary data.
In GnRH neurons from OVX control mice, there were no diurnal changes in current density (amount of current normalized by the capacitance of the cell) of either I A or I K (Figs. 1B and 2B, and see Tables 1 and 2 for number of cells). Additionally, neither the voltage at which the I A level was half inactivated (V 1/2 inact [ Table 1 ]) nor the percentage of inactivation as a function of command potential was changed by time of day ( Fig. 2A) . In marked contrast, GnRH neurons from OVXþE mice showed diurnal changes in both I A and I K (Figs. 1C and 2B) . Specifically, the current densities of both I A and I K were greater in GnRH neurons from OVXþE mice recorded in the morning during negative feedback than those recorded in the evening during positive feedback (OVXþE morning vs. OVXþE evening, P , 0.005 [ Figs. 1C and 2B , left]). The V 1/2 inact value during the morning was hyperpolarized relative to that in the evening in cells from OVXþE mice ( Fig. 2A, Table 1 , P , 0.005). Unlike inactivation, there were no differences in I A and I K activation characteristics (maximum current [I max ], V 1/2 activation, and steepness) among groups (Table 2) . Changes observed in current density and inactivation were likely due to alterations in channel properties because there were no differences in passive electrophysiological properties (R in and C m ) or series resistance among groups (Table 1) .
During the time of negative feedback (morning), estradiol induced increases in current densities of both I A (P , 0.005) and I K (P , 0.05) compared to those in cells from OVX mice (Fig. 2B) . During the time of positive feedback (evening), however, estradiol suppressed only I A current density (P , 0.05), without changing I K . Likewise, estradiol shifted the inactivation curve of I A relative to that in cells from OVX mice to more hyperpolarized values in the morning and more depolarized values in the evening (morning, P , 0.005; evening, P , 0.05 [ Fig. 2A] ). Together these data suggest that the presence of estradiol induces diurnal changes in aspects of voltage-gated potassium currents in GnRH neurons and that the direction of this alteration is consistent with observed changes in GnRH neuronal activity during negative and positive feedback. That is, increased voltage-gated potassium current was observed when GnRH neurons were more quiescent during negative feedback and vice versa [2] .
Kisspeptin Reduces I A in GnRH Neurons and Its Actions Are Not Dependent on Estradiol or Time of Day
Previous work has indicated kisspeptin can change potassium currents in GnRH neurons, but specific subtypes were not investigated [21] . To determine which components of this current in GnRH neurons are altered by kisspeptin and also if kisspeptin action is dependent on estradiol and/or time of day, we made recordings of GnRH neurons from OVX and OVXþE mice during the morning (negative feedback) and the evening (positive feedback). Kisspeptin (10 nM) reduced I A current density in a similar manner in cells from all four groups of mice (representative traces are shown in Fig. 3 ; summary is shown in Fig. 4 ; P , 0.001 for all groups). Note that currents shown in Figures 3 and 4 were measured at a À20-mV test pulse and are thus smaller than those shown in Figures 1, 2 , and 5, which were measured at À10 mV; this difference in test
A) A voltage clamp protocol was used to identify voltage-gated potassium currents in GnRH neurons; for clarity, only three prepulse potentials (À110, À40, and À20 mV) are shown. Most of the 500 msec step to À100 mV for removal of inactivation from the A-type channel was omitted. Prepulses and test pulses shown were both 500 msec in duration. B) Representative traces of total potassium current illustrate two components: a fast transient current (I A ) and a sustained current (I K ) from GnRH neurons from OVX mice, recorded during negative feedback, morning hours (left), and during positive feedback, evening hours (right). The short duration current peak at the beginning of the À40 mV prepulse is the activation of I A , followed by its inactivation during the remainder of the prepulse, allowing measurement of isolated I K during the test pulse. C) Representative traces are shown from GnRH neurons from OVXþE mice recorded during morning hours (left) and evening hours (right).
pulse would not affect comparisons made within each experiment or interpretation of results. Kisspeptin had no effect on I K in any group (representative traces are shown in Fig. 3 ; summary is shown in Fig. 4 ; P . 0.3). Transient currents such as I A are particularly sensitive to changes in recording quality over time. To control for this, we examined series resistance to ensure it was stable within recordings and
control values were 15.3 6 0.9 MX, and 15.4 6 0.9 MX for kisspeptin; OVX morning values for control were 14.6 6 0.3 MX and 14.5 6 0.3 MX for kisspeptin; and OVX evening control values were 15.2 6 0.9 MX and 14.4 6 0.9 MX for kisspeptin; P . 0.9). Furthermore, recordings of additional cells demonstrated that peak I A current was maintained at a steady level for the duration of time required to test the effect of kisspeptin. There was no change in I A or I K over time in these control cells (sham treatment included n ¼ 4 cells from three mice; I A in control was 83.6 6 8.2 pA/pF and 83.6 6 9.2 pA/pF for sham; and I k in control was 14.7 6 1.7 pA/pF and 16.1 6 3.1 pA/pF for sham; both, P . 0.7 [ Fig. 3C] ). These data show that the part of kisspeptin actions that increases GnRH neuronal activity involves reduction in I A and that this effect does not appear to be dependent on estradiol or time of day.
Kisspeptin Depolarizes I A Inactivation but Does Not Change Activation
The above-described results showed that kisspeptin reduced I A current density regardless of estradiol status or time of day. To further investigate the effects of kisspeptin, we examined whether it altered inactivation and/or activation of I A . Because there was no time of day or estradiol difference, these studies were conducted only in cells from OVXþE mice in the morning, before and after kisspeptin treatment. Kisspeptin significantly depolarized V 1/2 inact (Table 3 ) and the inactivation curve of I A (Fig. 5 ) but had no effect on V 1/2 act of either I A or I K ( Table 3) . As shown in Figures 3 and 4 , kisspeptin significantly reduced I A current density and had no effect on I K current density. Kisspeptin also reduced the maximum conductance of both I A and I K (Table 3 , À10-mV test pulse).
DISCUSSION
Steroid milieu alters the firing activity of GnRH neurons and hormone release [2, [31] [32] [33] [34] [35] . Estradiol is of particular interest as it exerts both negative and positive feedback actions on GnRH neuron activity and LH secretion [35] [36] [37] [38] [39] [40] [41] [42] , with positive feedback being a critical aspect of the preovulatory neuroendocrine signal. Both of these actions can be studied in a reduced-variable setting by using an animal model that exhibits diurnal changes in GnRH neuron activity and LH levels subsequent to OVX plus physiological-level estradiol replacement [2] . We used this model to study the role of voltage-gated potassium current modulation in estradiol feedback regulation of GnRH neurons. Both the rapidly inactivating transient Atype current, I A , and the noninactivating delayed rectifier, I K ,
FIG. 2. Estradiol alters inactivation of I A .
All data are means 6 SEM. A) I A inactivation (as normalized current) is shown as a function of command potential. B) Summary bar graphs show the effects of estradiol and time of day on subtracted I A current density following À100 mV prepulse (left) and I K current density following À40 mV prepulse (right) in GnRH neurons from OVX mice (morning, n ¼ 11; evening, n ¼ 11) and OVXþE mice (morning, n ¼ 13; evening, n ¼ 8) during morning hours (white bars) and evening hours (black bars). **P , 0.005; *P , 0.05. The test pulse was set at À10 mV. Significant differences in inactivation at À40 mV are observed between OVX evening and OVXþE evening and between OVXþE morning and OVXþE evening; these are not indicated in A for clarity (both, P , 0.05). current are targets of feedback interactions between estradiol and time of day. In contrast, the ability of kisspeptin to alter potassium currents is limited to the transient subtype I A , and this action is not dependent upon time of day or estradiol. Potassium channels are among the most important determinants of both a neuron's intrinsic excitability and its responsiveness to both inhibitory and excitatory synaptic inputs [43] . Modulation of the current that flows through these channels could thus have a major effect on action potential firing and subsequent hormone release from a cell. The present data suggest that an underlying mechanism for the switch between estradiol negative and positive feedback is the fact that estradiol interacts with a daily signal(s) to alter two components of voltage-gated potassium currents that are intrinsic to GnRH neurons, I A and I K . Specifically, during negative feedback, estradiol increased I A and I K . Because these currents tend to hyperpolarize the membrane potential, this finding is consistent with decreased excitability. This increase was relative to both that in cells from OVX mice at the same time of day and to that in cells from OVXþE mice during the time of positive feedback. I K of GnRH neurons from OVX mice was similar to that of GnRH neurons from OVXþE mice during the time of positive feedback, suggesting changes in this current are likely more involved in the suppression of GnRH neurons by estradiol during negative feedback than in their activation during positive feedback. These data support those from a previous study carried out before the diurnal aspects of estradiol feedback were appreciated in the mouse [5] . In that study, evening recordings made after a longer estradiol treatment revealed an inhibition of potassium currents by estradiol. By extending those studies to defined modes of estradiol feedback, the present studies reveal that the action of estradiol is not a simple unidirectional inhibition of these currents but rather that estradiol can enhance the same currents during other parts of the diurnal cycle and thus play a role in both the activation and suppression of GnRH neuron activity. An interesting question is whether these changes are restricted to GnRH neurons or whether they also occur in other cells. In this regard, our previous work indicated magnocellular neurons of the paraventricular nucleus did not exhibit changes in response to a slightly different regimen of estradiol feedback [4] . Further studies with the daily surge model are needed to more clearly address this question.
Increased outward potassium currents such as those observed during negative feedback would tend to hyperpolarize the cell's membrane potential and thus inhibit firing rate. Increased potassium currents within GnRH neurons would also reduce responsiveness to excitatory synaptic inputs. The low GnRH neuronal activity observed during negative feedback is thus likely the result, at least in part, of increased voltage-gated potassium current tone. Similarly, the estradiol-induced reduction in potassium currents during the time of positive feedback would tend to increase intrinsic excitability of GnRH neurons as well as their response to excitatory inputs. The lack of diurnal changes in potassium currents in GnRH neurons from OVX mice indicates these currents are altered as a result of interactions between estradiol and the circadian pacemaker. This observation is consistent with that from previous studies in this animal model in which no diurnal change in LH levels, GnRH neuron firing activity, fast synaptic transmission, or calcium currents were observed in GnRH neurons in cells from OVX mice in the absence of estradiol [10] [11] [12] . It is important to point out that other types of potassium currents, such as Mtype and inward rectifiers, may also be correlated with changes in GnRH neuron activity in this model [44, 45] .
The estradiol-induced changes in voltage-gated potassium currents in GnRH neurons that arose subsequent to estradiol/ time of day interactions could be caused by either the direct action of estradiol on GnRH neurons through ERb or indirect actions through ERa-or ERb-expressing afferents that alter signaling and/or gene expression in GnRH neurons. With regard to the former, GnRH neurons express clock genes [46] , and many tissues have been shown to be capable of maintaining aspects of circadian organization in the absence of the primary circadian pacemaker in the suprachiasmatic nuclei (SCN) [47] . Circadian changes in potassium channel function have been reported in neurons from Bulla gouldiana [48] , and immortalized GnRH neurons appear to express an endogenous clock [49] . Considerable previous work has demonstrated a role for the SCN in estradiol positive feedback, suggesting this region may be dominant over clocks within individual GnRH neurons [50] [51] [52] . There are direct connections from the SCN to GnRH neurons via vasoactive intestinal polypeptide (VIP) and GABAergic neurons [53] [54] [55] , as well as indirect connections via anterior ventral periventricular (AVPV) nuclei [56] . AVPV nuclei appear to serve as integrators of the effects of estradiol and time of day in the surge response [57] .
One possible candidate for conveying the integrated signal from AVPV nuclei to GnRH neurons is the neuromodulator kisspeptin. AVPV kisspeptin neurons express both nuclear estrogen receptor isoforms, the expression of kisspeptin mRNA in this region is enhanced by estradiol, and these neurons express c-Fos, a surrogate marker of neuronal activation, during estradiol positive feedback [15, 22, 58, 59] . Recent studies have shown kisspeptin can excite GnRH neurons via reduction of potassium currents, but previously, only inwardly rectified potassium currents have been identified as specific targets for kisspeptin. Different subtypes of potassium channels are activated at different membrane potentials and thus can affect different aspects of cellular function. Here we show that kisspeptin decreases specifically the I A component of voltagegated potassium currents. Because activation of I A occurs at more hyperpolarized potentials, this current can be activated near the interspike, or ''resting,'' membrane potential in GnRH neurons [4] . This characteristic makes I A particularly interest- ing as a modulator of GnRH neuron activity because changes near this membrane potential can have a marked effect on the ability of a cell to initiate action potential (spike) firing. I A increases the latency to action potential initiation following a depolarizing stimulus and can even block spike initiation; both of these actions would lower the neuronal firing rate [4] . The present observation that I A is inhibited by kisspeptin is consistent with that of previous work that demonstrated kisspeptin generates a depolarizing current in GnRH neurons held near the interspike potential (À60 mV) [21] .
Kisspeptin reduced I A in GnRH neurons regardless of estradiol status or time of day. One possible interpretation of these findings is that the response of GnRH neurons to kisspeptin is independent of time of day or estradiol milieu and that diurnal changes in endogenous kisspeptin release (low during negative feedback; high during positive feedback) help drive the estradiol-induced changes in I A in GnRH neurons. At present, direct measures of kisspeptin release or kisspeptin neuron activity as a function of defined estradiol feedback mode have not been published. Indirect evidence, however, is consistent with this postulate of diurnal changes in kisspeptin release. First, the ability of exogenous kisspeptin to increase GABAergic transmission to GnRH neurons during the time of negative feedback is occluded during positive feedback [60] , suggesting increased endogenous release of kisspeptin during positive feedback. Note that the recording conditions for studying GABAergic transmission are different from those needed to isolate potassium currents, and the use of tetrodotoxin in the present study, while necessary to record potassium currents, would impair endogenous kisspeptin release. Second, as mentioned above, kisspeptin neurons express c-Fos during the LH surge [22, 61] . Third, during positive feedback, there is an increase in spontaneous GABAergic transmission to GnRH neurons [11] . AVPV kisspeptin neurons were recently shown to coexpress the 
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synthetic enzyme for GABA, indicating that they are GABAergic [62] . Because GABAergic AVPV neurons project to GnRH neurons [63] , kisspeptin is expressed by AVPV neurons, and kisspeptin-positive fibers make close appositions with GnRH neurons [64] , it is possible that the increase in GABAergic transmission marks an increase in the corelease of kisspeptin. Fourth, excitatory actions of kisspeptin on GnRH neurons have also been shown to involve changes in nonselective cationic conductances, as well as suppression of GABA B receptor-mediated inhibition of GnRH neurons [19, 65] . These parameters might also be differentially affected by circadian rhythms and hormonal status.
Although estradiol and time of day interacted to alter both I A and I K in GnRH neurons, kisspeptin affected only the Atype potassium current. This suggests that either estradiol itself directly modulates I K of GnRH neurons through ERb or that it acts through estradiol-sensitive afferents containing different neuromodulators/neurotransmitters. In this regard, estradiol affects GnRH neuronal activity via direct mechanisms [13, 66] and regulation of both GABAergic and glutamatergic transmission to GnRH neurons. Specifically, in vivo estradiol treatment reduces GABAergic and glutamatergic transmission during negative feedback and increases GABAergic transmission during positive feedback [11, 12] . The neuromodulator VIP is another candidate that potentially alters I K [67] ; both estradiol and time of day affect the GnRH neuron response to this peptide. Of interest, VIP has been shown to reduce a similarly delayed rectifier potassium current in neurons from the suprachiasmatic nucleus [68] .
Whether estradiol and neuromodulators act directly on GnRH neurons or indirectly via afferents, or both, to change potassium currents in these cells, there are several cellular biological mechanisms that may be deployed within the GnRH neuron to bring about the observed changes in potassium currents. Expression of either pore-forming or accessory channel subunits could be altered [7, 69] . The phosphorylation state of these proteins could be changed [70] ; in this regard, previous studies in GnRH neurons indicated in vivo estradiol effects that reduced potassium conductances could be reversed in vitro with a broad-spectrum kinase inhibitor [4] . Alterations in channel trafficking to the membrane may occur [71] . Voltage-gated potassium currents are also sensitive to lipid environment [72] , which might be altered by kisspeptin signaling via changes in phospholipids [73, 74] . These mechanisms are not mutually exclusive and may act in different combinations to bring about the observed changes.
The present findings extend our understanding of the neurobiological actions of estradiol negative and positive feedback actions on GnRH neurons by demonstrating that voltage-gated potassium currents intrinsic to GnRH neurons are modulated by estradiol in a manner that is dependent on time of day and are also targets of kisspeptin action. This opens the possibility for future studies to further elucidate the relationship between estradiol and kisspeptin in regulating GnRH neurons, as well as to determine signaling pathways involved in the alterations of voltage-gated potassium channels in GnRH neurons. Together with previous work, these data indicate that estradiol acts through multiple direct and transsynaptic mechanisms to modulate GnRH neuronal activity and that its effects on GnRH output are likely via an integration of these mechanisms. 
